1. Introduction {#sec0005}
===============

When scientists worldwide started to explore the feasibility of photoacoustic (optoacoustic) detection of diseased tissue in the 1980s [@bib0005], researchers in China also made attempts to exploit the photoacoustic effect for biomedical applications [@bib0010]. Afterwards, the development of biomedical photoacoustics in China had been slow for a long period. However, during the past decade, this process has accelerated significantly, when photoacoustic tomography (PAT) emerged and started to find important applications in biomedical imaging [@bib0015; @bib0020; @bib0025]. The unique multi-contrast, multi-scale *in vivo* imaging capability of PAT [@bib0030], together with its initial success in a variety of biomedical applications, has generated intense interest among Chinese researchers from different research communities, including optics, ultrasonics, biology, and medicine. So far, demonstrated representative applications of PAT include label-free imaging of vascular morphology and functions [@bib0035; @bib0040], study of tumor angiogenesis [@bib0045; @bib0050], molecular imaging of cancer [@bib0055; @bib0060], intravascular imaging of atherosclerosis [@bib0065; @bib0070], and endoscopic imaging of internal organs [@bib0075]. In China, since the development of a linear-array-based photoacoustic computed tomography (PACT) system at the South China Normal University in 2004 [@bib0080], the pursuit of research in photoacoustic imaging has rapidly spread to more than 20 universities and/or research institutes over the last decade. With a significantly increased funding support from both the national and regional governments, the number of publications on biomedical photoacoustics from China has increased dramatically. For example, a search in the *Web of Knowledge* (Thomson Reuters) with either "photoacoustic" or "optoacoustic" in "Title" and "China" as the "Countries/Territories" has returned 109 articles published in 2012, about twice the number of articles published in 2009 (the search was conducted on May 20, 2013). Meanwhile, this number has amounted for ∼14% of the total number of publications in the field in 2012 (searched with either "photoacoustic" or "optoacoustic" in "Title").

In the following sections, we will review the current status and recent research progress of biomedical photoacoustics in China. The focus will be on the technology development and biomedical applications of three representative embodiments of PAT, namely, photoacoustic microscopy (PAM), photoacoustic computed tomography (PACT), and photoacoustic endoscopy (PAE). In addition, research progress in other related areas in China will also be reviewed shortly.

2. Photoacoustic microscopy {#sec0010}
===========================

Based on how the lateral resolution is determined -- either by optical focusing or acoustic focusing, photoacoustic microscopy (PAM) can be classified into optical-resolution photoacoustic microscopy (OR-PAM) and acoustic-resolution photoacoustic microscopy (AR-PAM). Our review on PAM below is organized according to the above mentioned two forms: OR-PAM and AR-PAM.

OR-PAM provides excellent optical-absorption contrast with optical-diffraction limited resolution that can be as fine as sub-micrometers. Owing to its unique capability of label-free imaging of microvascular morphology and functions at high resolution *in vivo*, OR-PAM has become a vital imaging tool for microcirculation studies, including the study of tumor angiogenesis [@bib0045; @bib0050], diabetic retinopathy [@bib0085], and other vascular complications [@bib0090]. The schematic of a reflection-mode OR-PAM system developed at the Shenzhen Institutes of Advanced Technology (SIAT), the Chinese Academy of Sciences, is shown in [Fig. 1](#fig0005){ref-type="fig"}(A) [@bib0095]. In this system, the output laser beam from a 532-nm pulsed Nd:YAG laser (SPOT-532, Elforlight) was first coupled into a single mode fiber, and then collimated using a microscope objective (PLN4X, Olympus, NA: 0.1). Upon reflecting by a mirror, the collimated laser beam was focused by another identical objective to provide micrometer-scale optical illumination on the tissue surface. A custom-developed optical-ultrasonic beam combiner was used to enable reflection-mode photoacoustic imaging [@bib0095]. Images of mouse ear, back, and cerebral vasculature can be acquired *in vivo* using this system, without any exogenous contrast agents ([Fig. 1](#fig0005){ref-type="fig"}(B)). The system\'s lateral resolution was ∼5.7 μm, which can be further improved to ∼3.0 μm using a blind-deconvolution algorithm, without the need of physically increasing the numerical aperture (NA) of the objective [@bib0095].

Using a custom-made hollow focused ultrasonic transducer, another reflection-mode OR-PAM system was developed at the South China Normal University (SCNU). In this system, the laser beam was focused by an objective lens through a small hole in the center of the ultrasonic transducer [@bib0100]. In another study, by adding galvanometer-based 2D optical scanning to a conventional optical microscope, a transmission-mode OR-PAM system was also developed at SCNU, which was capable of imaging individual red blood cells *ex vivo* with a lateral resolution of ∼500 nm ([Fig. 1](#fig0005){ref-type="fig"}(C)) [@bib0105]. Moreover, using this system, intracellular structures, such as H&E stained cell nucleus and internalized gold nanorods in the cytoplasm, were photoacoustically imaged ([Fig. 1](#fig0005){ref-type="fig"}(D)) [@bib0110]. Other implementations and applications of transmission-mode OR-PAM were widely explored as well, including the development of laser-diode-based OR-PAM [@bib0115] and label-free photoacoustic imaging of zebrafish larvae *in vivo* [@bib0120].

Compared with OR-PAM, AR-PAM provides greater imaging depth up to several centimeters, with a scalable ultrasonic resolution ranging from tens to hundreds of micrometers. Reflection-mode dark-field AR-PAM systems were developed at multiple universities and/or research institutes in China, including the Huazhong University of Science and Technology (HUST) [@bib0125], Peking University (PKU) [@bib0130], and SIAT of the Chinese Academy of Sciences [@bib0135]. The schematic of a representative system is shown in [Fig. 2](#fig0010){ref-type="fig"}(A). In one study, the cerebral hemodynamics and oxygen metabolism associated with ischemic stroke in a rat model were imaged *in vivo*, using AR-PAM in combination with laser speckle techniques [@bib0140] ([Fig. 2](#fig0010){ref-type="fig"}(B)). In another study, AR-PAM was applied to performing molecular imaging of cancer, with intravenously administrated nanosized, reduced graphene oxide (nano-rGO) as contrast agents ([Fig. 2](#fig0010){ref-type="fig"}(C)) [@bib0135]. Meanwhile, because of significantly enhanced photothermal effect by nano-rGO in the tumor region, cancer cells were effectively ablated *in vivo* using a continuous-wave near-infrared laser. In addition to the above mentioned studies, using a long focal ultrasonic transducer, a circular scanning AR-PAM system was developed at Fujian Normal University, which was utilized to image acute myocardial ischemia and thyroid disease [@bib0145; @bib0150].

3. Photoacoustic computed tomography {#sec0015}
====================================

Unlike PAM, photoacoustic computed tomography (PACT) requires an inverse reconstruction algorithm to form the final image. In general, PACT can be implemented using either single-element scanning or ultrasonic array detection. Compared with single-element scanning PACT, PACT with ultrasonic array detection provides faster data acquisition, and may be better suited for clinical studies.

Using a linear ultrasonic array, a circular-scanning PACT system was developed at SCNU ([Fig. 3](#fig0015){ref-type="fig"}(A)) [@bib0155]. While circular ultrasonic arrays almost always require customization, linear ultrasonic arrays are widely used in the clinics with much better accessibility. On the other hand, compared with the use of a single-element ultrasonic transducer, the use of the linear array significantly reduced the required scanning steps to form a full-view cross sectional image. In another work, using an 8×8 planar ultrasonic array (center frequency: 7.5 MHz; element size: 0.98 mm; element spacing: 1.25 mm), a high-speed PACT system was developed, which was able to acquire 3D photoacoustic images at a speed as fast as 10 Hz (limited by the laser repetition rate) [@bib0160].

Besides the development of different PACT systems, several novel reconstruction algorithms were also developed to improve the data acquisition speed and image quality of PACT [@bib0165; @bib0170; @bib0175; @bib0180; @bib0185]. For example, compressed sensing photoacoustic reconstruction algorithms with partially known support were developed for both acoustic-resolution PACT and optical-resolution PACT, enabling new possibilities to develop high-speed, low-cost PACT using a sparse ultrasonic array [@bib0165; @bib0170]. In another work, to compensate the acoustic scattering in heterogeneous biological tissue, a time-reversal technique was developed to improve the image quality of PACT [@bib0190].

With the above mentioned PACT systems, many biomedical studies were conducted, including: (1) feasibility studies of breast cancer detection and osteosarcoma diagnosis, with excised human tissue and a rat model, respectively ([Fig. 3](#fig0015){ref-type="fig"}(B)) [@bib0155; @bib0195]; (2) molecular PACT of integrin-*α*~v~*β*~3~ positive U87 glioblastoma in a mouse model, using intravenously injected antibody-functionalized single-walled carbon nanotubes (SWNTs) [@bib0200]; (3) multispectral quantitative PACT of osteoarthritis in finger joints [@bib0205]; (4) photoacoustic velocimetry for flow-field measurement in phantoms [@bib0210]; and (5) tissue microstructure analysis using PACT spectra [@bib0215].

4. Photoacoustic endoscopy {#sec0020}
==========================

Photoacoustic endoscopy (PAE) is emerging as a novel technology for imaging internal organs and/or tissue, such as esophagus, colon, and/or coronary atherosclerotic plaques. PAE provides valuable functional and spectroscopic information of biological tissue at depth, which effectively complements existing endoscopic imaging technologies that primarily detect structural abnormalities. To improve the imaging speed of PAE, ultrasonic-arrays have been exploited for proof-of-concept studies. In one study, a ring ultrasonic array in combination with a taper reflector was used to construct an optical-acoustic co-axial photoacoustic endoscopic catheter (outer diameter: 10 mm) [@bib0225]. In another work, the feasibility of developing PAE using a linear ultrasonic array was also studied [@bib0230]. With the use of ultrasonic array detection, these PAE systems can potentially provide very high imaging speed (currently limited by the laser repetition rate). However, the fabrication of miniature high-frequency ultrasonic arrays can be challenging and expensive.

An alternative approach, of course, is to construct a PAE probe using a single-element high-frequency ultrasonic transducer. With this approach, both rotational and pull-back mechanical scanning are required to acquire a 3D image. To characterize atherosclerosis at high spatial resolution, a single-element PAE system with optical-diffraction limited lateral resolution was developed at SIAT, offering a spatial resolution as high as ∼19 μm [@bib0235]. The outer diameter of the developed catheter was ∼1.1 mm, the smallest among reported PAE probes up to the preparation of this review. Feasibility studies on intravascular imaging of atherosclerotic plaques and image-guided stent deployment were conducted with this system. Presently, one challenge for single-element PAE to image *in vivo* is the relatively slow imaging speed, limited by both the laser repetition rate and the need of mechanical scanning for a cross-section image. The development and employment of high-repetition-rate tunable lasers, however, may present as a potential solution to this issue.

5. Multi-modality imaging and others {#sec0025}
====================================

Multi-modality imaging can provide complementary information of biological tissue, which may improve the diagnostic sensitivity and specificity over a single imaging modality alone. There are several notable multimodality imaging technologies developed in China that incorporate PAT as a major modality. One such system has combined X-ray imaging with PAT to perform anatomic and molecular imaging of tumor simultaneously, which can potentially improve the accuracy of both the diagnosis and image-guided therapy of cancer [@bib0240]. Another system has integrated PAM with laser speckle imaging [@bib0140]. Using the flow speed obtained from laser speckle imaging and the oxygen saturation from PAM, the cerebral hemodynamics and oxygen metabolism associated with ischemic stroke were quantitatively imaged in a rat model *in vivo*. To acquire complementary information for cellular imaging applications, a multimodality system combing PAM and laser scanning confocal microscopy was also developed, offering a lateral resolution as fine as 1.25 μm [@bib0245].

In addition, many other studies on biomedical photoacoustics have been carried out in China, including: (1) laser-induced large photoacoustic effect (firecracker-like explosion) with SWNTs and/or folic acid labeled ICG nanoparticles for anti-tumor studies ([Fig. 3](#fig0015){ref-type="fig"}(C)) [@bib0220; @bib0250]; (2) ultrashort microwave-induced high-contrast thermoacoustic imaging [@bib0255]; (3) photoacoustic imaging of the viscoelasticity of biological tissue [@bib0260]; and (4) synthetic-aperture focusing based PAM [@bib0265].

6. Summary {#sec0030}
==========

During the past decade, research in biomedical photoacoustics in China has experienced unprecedented growth. The development of novel systems, reconstruction algorithms, as well as the exploration of various biological and clinical applications have all been actively pursued by Chinese researchers. With a steadily increasing funding support from the governments and more researchers joining this field, we believe that the research in biomedical photoacoustics in China will continue to enjoy rapid growth and expansion in the coming years, with many new exciting research results to be expected.
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![OR-PAM and its representative applications. (A) Schematic of a typical reflection-mode OR-PAM system [@bib0095]; (B) *in vivo* images of the ear, back, and cerebral vasculature of mice acquired with the system shown in (A); (C) exemplary images from a transmission-mode OR-PAM system [@bib0105]; (D) OR-PAM of H&E stained cell nucleus and internalized gold nanorods in the cytoplasm [@bib0110].](gr1){#fig0005}

![AR-PAM and its representative applications. (A) A typical AR-PAM system [@bib0140]; (B) AR-PAM of ischemic stroke *in vivo* in a rat model [@bib0140]; (C) molecular AR-PAM of tumor *in vivo* with intravenously administrated nano-rGO [@bib0135].](gr2){#fig0010}

![PACT and its representative applications. (A) Schematic of a circular-scanning PACT system using a linear ultrasonic array [@bib0155]; (B) PACT images of excised human breast cancer tissue [@bib0155]; (C) *in vivo* treatment of tumor-bearing mouse with laser-induced large photoacoustic effect of ICG--PL-PEG--FA [@bib0220].](gr3){#fig0015}
